Atherosclerosis is one of the leading causes of morbidity and mortality in the Western world.
Introduction
Vascular smooth muscle cells (VSMC) are highly specialized and retain remarkable plasticity, which allows for a transition from a contractile to synthetic phenotype in response to functional demands and external stimuli (Campbell and Campbell, 1985) . In their contractile state, VCSM are minimally proliferative and uniquely located in the tunica media of arteries where they regulate blood pressure and flow distribution by means of vessel tonus (Owen GK, 1995) . In response to vascular injury, VSMC become dedifferentiated, highly proliferative and migrate to site of the lesion where they mediate important shifts in cell signaling and extracellular matrix production (Hellstrand P, 1998; Cecchettini A et al., 2011) . This process of dedifferentiation is a key factor in the atherosclerotic process and involves a morphological change in the cell, as well as an alteration in function and signaling pathways (Campbell and Campbell, 1985; Cecchettini A et al., 2011) . Although a number of transcriptional networks that initiate and facilitate the dedifferentiation process have been mapped, the master regulator(s) of VSMC phenotype switch still remain elusive. The clarification of these factors is critical for the prevention and early management of vascular disease.
Although most commonly known for the ability to generate the bulk of ATP, mitochondria also play critical roles in apoptosis, inflammation, metabolism and formation of reactive oxygen species (ROS) generation, all of which feature in atherosclerosis (Yu and Bennett, 2014) . Recent work links atherosclerosis to increased mitochondrial-generated ROS, accumulation of mitochondrial DNA (mtDNA) damage and progressive respiratory chain dysfunction (Madamanchi and Runge, 2007; Wang and Tabas, 2014) . Furthermore, it has been proposed that mitochondrial dysfunction promotes inflammation and, when coupled with metabolic stresses D r a f t 4 such as cholesterol crystals and fatty acids, leads to a pro-atherosclerotic response that drives plaque development and subsequent disease (Yu and Bennett, 2014) . Although there are many evident roles for the mitochondria in the pathogenesis of atherosclerosis, the underpinnings of this relationship are not currently understood (Ong et al. 2013) . The interactions between alterations in mitochondrial metabolism and early processes in VSMC dedifferentiation deserve focus as these crucial first steps in the development of atherosclerosis may provide strategies into therapeutic targets (Chiong M et al, 2014) .
Reduction-oxidation-dependent regulation, and subsequent production of ROS, play crucial roles in a wide range of biological activities, including atherosclerosis (Wang and Tabas, 2014) .
It is now known that mitochondrial electron transport chain Complex I is a major site of oxidant production (Murphy, 2009; Brand, 2010) , but its contribution to the development of atherosclerosis remain unclear. In order to better comprehend the underpinnings involved in the relationship between the mitochondria and early stage atherosclerosis, the primary aim of this study is to determine whether there are alterations in mitochondrial Complex I function and expression that can, at least partially, explain the early VSMC shifts towards a pro-atherogenic phenotype. Elucidation of these early shifts can provide potential therapeutic targets in a stage of the progression of the disease when reversal is still possible.
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Materials and Methods
Animal Care
Male C57Bl/6 mice, 2-3 months old were obtained from Charles River Breeding Farms (St Constant, Quebec) and randomly assigned to either a control (CON) or an experimental (EXP) group. Mice were housed in a thermo-neutral environment (22ºC), on a 12:12 h photoperiod, and were provided with free access to water and a standard dry rodent chow. All procedures were approved by the Animal Ethics Committee of Concordia University (Ethics: #30000259) and were conducted in accordance with guidelines of the Canadian Council on Animal Care.
Tissue Preparation and Culture
The mice were euthanized by CO 2 exposure according to the approved animal protocol after which the aorta was dissected free and kept in nominally Ca 2+ -free Krebs solution containing (in mM): NaCl 122, NaHCO 3 15.5, KCl 4.7, MgCl 2 1.2, KH 2 PO 4 1.2, glucose 11.5, penicillin 100 U/ml and streptomycin 100 Ig/ml. The vessels were used as fresh tissue (CON) or transferred to culture dishes containing culture medium (DMEM/Ham's F12, 1:1, no serum but with antibiotics) and placed in an incubator at 37°C under 5% CO 2 in air for 24h (EXP). This model is an accepted means of inducing VSMC dedifferentiation, as previously described in the literature (Hellstrand P, 1989; Bergdahl et al. 2005) . After culture, the vessels were open up longitudinally and denuded by gentle rubbing of a sponge along the lumen.
Preparation of permeabilized muscle fibers
Immediately after the aorta was removed from the mouse it was placed in an ice-cold buffer 
Mitochondrial respiratory measurements
Measurements of oxygen consumption were performed in MiR05 at 37ºC using a polarographic oxygen sensor (Oxygraph-2k, Oroboros Instruments, Innsbruck, Austria) (Larsen et al. 2015) .
Approximately 2.0 to 2.5 mg of muscle tissue (wet weight) was placed in either chamber in a cross-sectional design. O 2 flux was resolved by DatLab by converting nonlinear changes in the negative time derivative of the oxygen concentration signal. All experiments were carried out in hyperoxygenated levels to avoid O 2 diffusion limitations. A previously published (Larsen S et al. 2012 Pesta D & Gnaiger E, 2012 ) sequential substrate addition protocol was used to allow functional dissection of the electron transport system: state 2 respiration (absence of adenylates)
was assessed by addition of malate (2 mM) and octanoyl carnitine (1.5 mM), by adding ADP (5 mM) we could reach state 3 respiration for Complex I. This was followed by addition of glutamate (10 mM) and succinate (10 mM) achieving maximal coupled state 3 respiration with parallel electron input to Complex I and II. Oligomycin (2 µg/ml) was then added to block
Complex V and thereafter antimycin A (2.5 µM) to inhibit Complex III. Finally ascorbate (2 mM) and TMPD (500 µM) were added to evaluate Complex IV respiration.
Citrate Synthase Activity
Citrate synthase activity was determined in whole muscle homogenates using an assay kit (CS0720; Sigma-Aldrich, St. Louis, USA). Total muscle protein was measured by the method of were initiated by addition of 10 µl oxaloacetic acid, and the change in absorbance measured every 10 s for 2 min.
Protein Extraction, Immunoblotting, and Immunofluorescence
Procedures were performed as described by Rocha et al. (Rocha et al. 2014) . Cell lysates were extracted in lysis buffer containing (in mM) NaCl 250, HEPES 50, glycerol 10%, triton X-100 1%, MgCl 2 1.5, EGTA 1, Na 4 P 2 O 7 10, NaF 1, Na 3 VO 4 800 µM, pH 7.5 and centrifuged at 12,000 × g for 10 min. Supernatant was collected, and protein was measured using Pierce BCA Protein Assay Kit (Thermo Scientific, Mississauga, ON, Canada). 15 µg of lysates were separated on a 12.5% SDS-PAGE and transferred to a nitrocellulose membrane (0.45 µm, 162-D r a f t 8 0115, Bio-Rad) using 10 mM sodium tetraborate buffer. The membranes were blocked in 5%
BSA in TBS-T buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Tween 20) for 1h at room temperature followed by overnight incubation at 4°C with primary antibodies: Calponin 
Statistics
Data are presented as means ± SEM for the immunoblotting and means ± SE in all other figures.
As the data analysis for this study required the comparison between the EXP and CON conditions, a two-tailed Student's t-test was utilized, where P<0.05 was considered significant.
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Results
In this study, we compared tissue that was undergoing VSMC dedifferentiation (EXP), as stimulated by incubation in serum free media, to control tissue (CON).
Tissue dedifferentiation: 24h in SFM induced a relative downregulation of the expression of the dedifferentiation marker calponin (EXP 58.6 ± 14.6% versus CON tissue at 100 ± 12.2%, p < strong, yet nonsignificant trend towards upregulation when normalized to CS activity.
Mitochondrial respiration:
To investigate respiratory capacities following VSMC phenotype switch, we studied the oxygen consumption rates, normalized to CS activity. As seen in Figure   4b , the dedifferentiated VSMC demonstrated a significant upregulation (EXP: 
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Discussion
The major finding of this study is that, despite a lower mitochondrial density, basal respiration in Complex I is enhanced in the dedifferentiated tissue (EXP), when compared to control. We also found, in the dedifferentiated tissue, a diminished coupling between phosphorylation and oxidation, as well as an increased ability for lipid oxidation, indicating a shift in metabolism from glucose based substrates to free fatty acids. Despite these alterations in mitochondrial content and function, there was no difference in substrate handling between the two conditions. This indicates that the higher respiration is not caused by an increased use of substrates but rather from an enhanced ability for the mitochondria to extract energy from fuel sources. This "overdrive" of Complex I that occurs during VSMC phenotype shift, as well as the greater ADP:ATP ratio, may be the sources of the elevated ROS previously reported in cardiovascular disease (Panth N et al., 2016) , as well as the early pro-atherogenic shifts that lead to disease progression (Förstermann U et al., 2017) .
Although a great deal of advancement has been made in the understanding of the atherosclerotic process, the precise underpinnings of this disease remain poorly elucidated. Part of the issue lies in the experimental models traditionally used; cell culture or injury models elicit rapid changes in the atherosclerotic process that do not support investigation of subtle shifts that occur in the disease progression (Buck 1977; Todd and Friedman 1978) . In light of these methodological issues, this study uses organ culture in serum-free media, in order to promote a slower progression of vascular injury and subsequent VSMC dedifferentiation (Koo and Gotlieb, 1991) .
This allows for an opportunity to better study the mechanisms that lie at the root of early atherosclerotic development (Soyombo et al. 1990; Bergdahl et al. 2005 ).
D r a f t 13
Our data shows that that the basal metabolic rate, normalized to CS activity, was significantly upregulated in the EXP tissue. Basal metabolic rate is affected by both the degree of transmembrane proton leak and the total number of mitochondria (Brand et al. 2005) , which was shown in our study to be reduced. The higher Complex I stimulated/ADP restricted respiration in the EXP tissue is most likely due to an increase in transmembrane proton leak. This hypothesis is strengthen by the elevated leak observed in the EXP tissue, as depicted in Figure 6a .
Interestingly, the increase in EXP oxidative capacity detected in this study occurs despite a significant decrease in the coupling between oxidation and phosphorylation, as suggested by the ACR values. This indicates that the EXP tissue has a lower oxidation:phosphorylation ratio, which could be compensated through elevated ADP stimulated respiration. This is the exact phenomenon that we report in Figures 5b and 5c for Complex I and Complex II, respectively.
The overall respiration is further augmented in the dedifferentiated tissue due to an increase in lipid oxidation as tested by the medium long fatty acid octanoylcarnitine. Addition of free fatty acids contribute additional reducing equivalents, not originating from malate, which are subsequently fed into the electron transport chain. A similar response did not occur in the CON tissue, suggesting that the increased ATP production is most likely localized in the malate, glutamate and succinate dehydrogenases and not on the level of the electron transport chain and the phosphorylation system. This indicates a higher overall intrinsic mitochondrial oxidative capacity which is exactly what we see when we normalize to the citrate synthase activity ( Figure   2b ).
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Recent work has attempted to identify the origins of the atherosclerotic process. Mitochondrial dysfunction, accumulation of mitochondrial DNA damage and progressive respiratory chain impairments have been pinpointed as some of the earliest contributing factors to the development of atherosclerosis (Madamanchi and Runge, 2007) . Despite these observations, it is not known whether these factors cause or result from excess mitochondrial ROS generated during the progression of atherosclerosis (Wang and Tabas, 2014) . The data presented here show that accelerated Complex I respiration occurs early in VSMC dedifferentiation (Figures 4b and 5b) and can thus explain the source of the ROS associated with the detrimental effects of atherogenesis on the mitochondria. This is further supported by the decreased coupling between phosphorylation and oxidation that we observed in the dedifferentiated tissue (Figure 4c ), indicating a potential leak or leaks in the electron transport chain. This observation is supported by previous work that shows reduced ATP production through oxidative phosphorylation in a pro-atherogenic diabetic model (Ahn SY et al., 2010) . In a previous study, morphofunctional alterations in VSMC, linked to atherogenesis, were resolved by a reduction of inflammation and oxidative stress via antioxidant administration (Baez M del C et al., 2014) .
We also report that mitochondrial density is lower in the dedifferentiated tissue when compared to control although, under basal conditions, respiration is highly upregulated. It is not clear precisely why this diminishment of mitochondrial density occurs, although past work has indicated autophagy and increased mitochondrial fission during the VSMC shift from contractile to synthetic phenotype (Salabei and Hill, 2013) . In another study, oxidized LDL, a known inducer of atherosclerosis, was shown to decrease the expression of mitochondrial Complex subunits (Ahn SY et al., 2010) , which is similar to the data presented here. Kumar et al. 2006 ). These latter changes may, in fact, precede altered contractile properties and could play a role in the mitochondrial modulation process itself. We demonstrate an increase in TRPC1 expression ( Figure 1 ) which has previously been shown in VSMC undergoing dedifferentiation (Bergdahl et al. 2005) .
Our data also demonstrates that, as VSMC progress towards a more synthetic phenotype, an increased reliance on fatty acids as a metabolic source. This has also been previously hypothesized, where this increase in fatty acid oxidation is thought to be required for rapid division, migration of the synthetic cell, as well as the energy requirements needed for the synthesis and secretion of extracellular matrix components (Salabei JK and Hill BG, 2013) .
In conclusion, the present study supports the hypothesis that intrinsic mitochondrial dysfunction is implicated in the early VSMC phenotype switch that is crucial for neointima formation. While the related reduction in contractile filaments has been studied in detail, relatively little is known about how the mitochondria affect this process. We report that the mitochondrial function in dedifferentiated VSMC, when corrected for organelle density, is associated with higher ADPrestricted as well as ADP-driven respiration. 
